The present analysis provides detailed information on the pattern and evolution of colorectal cancer metastases over time. Thus, it may establish the basis for prospective future research in this field.
Introduction
Colorectal cancer (CRC) is the third most frequent type of cancer in Germany with expected 61,000 newly diagnosed cases in 2016 [1] . About half of all CRC patients develop distant metastases [2] [3] [4] . Most of them finally succumb to the metastatic disease [1] . Approximately 25% of the patients are initially diagnosed in the metastatic stage (synchronous metastases) and 25% develop metastatic spread during follow-up (metachronous metastases) [2, [4] [5] [6] .
Survival differences were found for these two groups, with synchronous metastases considered to be of worse prognostic value compared to metachronous metastases [7] . Furthermore, the localization of metastases (e.g. peritoneal or distant lymph node metastases) and the number of metastatic sites have been reported to be of prognostic value [8] [9] [10] .
Regarding the prognostic implications of specific metastatic patterns, only few epidemiological studies analyzing their incidence are available [6] . Moreover, information on occurrence, localization, and number of metastatic sites is not standardized in the reporting of clinical trials and is therefore not reported consistently [11] . Besides the localization and pattern of colorectal cancer metastases, only little is known about dynamic aspects regarding the development of new metastases during the course of disease.
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Summary
Background: Few studies report the incidence of metastatic patterns in colorectal cancer. Furthermore, little is known about dynamic aspects of these metastases during the course of disease. Methods: This retrospective cohort study involved 385 patients who received anti-tumor treatment at our institution (Department of Medical Oncology, University Hospital Grosshadern, LudwigMaximilians-University Munich, Germany) for metastatic colorectal adenocarcinoma between 2007 and 2014. We reviewed all available imaging results of these patients to document the presence and detailed localization of metastases. Results: Most of the evaluated patients were initially diagnosed with metastases in the liver (70%), followed by the lungs (24%), distant lymph nodes (16%), and peritoneum (15%), besides rare anatomical sites (<5%). Colon and rectal cancer as well as synchronous and metachronous metastases differed with regard to the pattern of individual metastatic sites. The median time to first progressive disease (PD) with new metastases was 12.6 months. The time intervals between first and second as well as second and third PD with new metastases were comparable with 10.5 and 10.8 months, respectively. At initial diagnosis, the mean number of metastatic sites was 1.4 and increased to 2.6 at the third PD with new metastases. For patients with initially one metastatic site, the mean number increased to 2.2. Con-Hence, the present study analyzed the detailed localization and development of new colorectal cancer metastases over time in a single-center patient cohort. To the best of our knowledge, this is the first study that investigates long-term dynamic aspects of colorectal cancer metastases during the course of disease.
Patients and Methods
Patient Population
The patient population for this observational cohort study derived from the outpatient clinic of the Department of Medical Oncology at the University Hospital Grosshadern, Ludwig-Maximilians-University (LMU) Munich, Germany. A database research was performed to identify patients who were treated for histologically proven metastatic colorectal adenocarcinoma between 2007 and 2014. Medical records were accessed for demographic factors, primary tumor location, stage of disease at first presentation (Union for International Cancer Control (UICC)), development of metastases (synchronous vs. metachronous), tumor-related characteristics (histology, RAS and BRAF mutation status) as well as information regarding antineoplastic treatment. The study received approval from the ethical committee of the LMU Munich.
Evaluation of Colorectal Cancer Metastases
All available imaging results (computed tomography and magnet resonance imaging) from each patient were reviewed to document the time of occurrence and detailed anatomical localization of metastases. Board-certified radiologists validated all imaging results of this study.
Statistical Analysis
Where indicated, median or arithmetic mean values were used to describe continuous variables. Categorical variables were expressed as totals and frequencies. The frequencies of specific colorectal cancer metastases at first diagnosis were illustrated using bar diagrams. The combination of three metastatic sites was illustrated by means of a Venn diagram. The time to development of new metastases was calculated from first or previous diagnosis of metastases to the occurrence of new metastatic lesions as reported by imaging results. Time intervals, summarized as medians, and 95% confidence intervals were derived from an inverse Kaplan-Meier plot. 
Localization of Colorectal Cancer Metastases at First Diagnosis
We analyzed the anatomical localization of metastases for each patient of the cohort according to the baseline imaging results. Figure 1 illustrates the frequencies of specific metastases in the patient cohort. Liver metastases were present in 70% of the patients. Less frequent were pulmonary, distant lymph node, and peritoneal metastases (15-25%). Among other anatomical sites, the bones and the central nervous system were rarely affected (4 and 2%, respectively).
Focusing on the three most frequent metastatic sites, namely metastases in the liver, lungs, and distant lymph nodes ( fig. 2) , 47.5% of the patients presented with metastases confined to the liver, whereas metastases confined to the lungs or distant lymph nodes were less frequent (6.0 and 3.4%, respectively). The combination of hepatic and pulmonary metastases was observed in 7.8% of the patients. Only a minority of patients (1.8%) had metastases to all three sites.
Localization of Colorectal Cancer Metastases at First Diagnosis according to Primary Tumor Location
We compared the frequencies of specific metastases according to the primary tumor location ( fig. 3 ). Both in colon and rectal cancer, the liver constituted the most frequent metastatic site, albeit the frequency in colon cancer (71%) exceeded the one in rectal cancer (60%). The difference was more pronounced for peritoneal involvement, which occurred six times more frequent in colon cancer. Of the patients with colon cancer, 23% were diagnosed with peritoneal carcinomatosis (vs. 4% in rectal cancer). In contrast, pulmonary metastases were about twice as frequent in rectal cancer compared to colon cancer (30 vs. 17%).
Localization of Synchronous and Metachronous Colorectal Cancer Metastases
We compared the frequencies of specific metastases according to their development, i.e. synchronous versus metachronous metastases ( fig. 4) . Of note, metachronous metastases were diagnosed with a median time of 20.0 months after diagnosis of CRC. Among the patients with metachronous metastases, 49% showed liver involvement, whereas this frequency was much higher in patients with synchronous metastases (82%). Additionally, peritoneal involvement was more often observed in synchronous metastases (17 vs. 11%). In contrast, pulmonary and distant lymph node metastases were more frequent in patients with metachronous metastases (29 vs. 22% and 19 vs. 14%, respectively).
Number of Involved Metastatic Sites
In both synchronous and metachronous metastasis, about 70% of the patients only showed one anatomical site to be affected by metastases at the time when baseline imaging was performed ( fig. 5 ). Two anatomical sites were involved in 19 and 21% of patients with synchronous and metachronous metastases, respectively. The combination of three (10 and 6%) or four metastatic sites (both <5%) at baseline were far less frequent.
Dynamics of Colorectal Cancer Metastases
We examined the time to the development of new metastases (table 3) . From the first presentation of mCRC, the development of new metastatic lesions (i.e. first progressive disease (PD) with new metastases) took a median time of 12.6 months. The time to the formation of further metastases (second and third PD with new metastases) was in a comparable range with 10.5 and 10.8 months.
Finally, the number of involved metastatic sites over the course of disease was evaluated. In baseline imaging, a mean number of 1.4 sites were involved in the dissemination of colorectal cancer ( fig. 6 ). During the course of disease, the number increased up to 2.6 at the third PD with new metastases. For patients with initially one metastatic site, the mean number at the third PD was lower with 2.2 affected sites.
Discussion
Up to date, few data exist on the organ-specific incidence of colorectal cancer metastases. Furthermore, little is known about the dynamics of the metastases during the course of disease. To the best of our knowledge, the present analysis is the first to evaluate the detailed localization of colorectal cancer metastases along with dynamic aspects.
We observed a mean number of 1.4 metastatic sites at first diagnosis in the evaluated patients. Over the course of the disease, the number increased up to 2.6 at the third PD with new lesions. We evaluated the time to the development of further metastases beyond those initially present. The median time to a first PD with new metastases was about 1 year. Interestingly enough, the time interval between a first and second as well as a second and third PD with new metastases was quite comparable.
Our findings are largely consistent with and extend those from prior epidemiological studies reporting on the incidence of specific synchronous [2, 6, 12] and metachronous metastases [5] . In line with these reports, the majority of metachronous metastases was diagnosed 1.5 years after the primary tumor [4, 5] . Minor discrepancies are evident in only one population-based study, which reports a higher frequency for metachronous hepatic and pulmonary metastases [4] . However, the liver and the lungs are consistently stated as the most frequent organs to be involved in mCRC.
To a certain extent, this observation may be driven by anatomy as the majority of colorectal cancers drain to the portal vein, thus promoting hematogenous spread to the liver [13] . Supporting this concept, the frequency of pulmonary metastases was increased in patients of our cohort with rectal cancer. Here, tumors partly drain through the inferior rectal vein to the vena cava, potentially promoting hematogenous dissemination in the lungs [14] .
However, the anatomical localization of the primary tumor does not fully capture the occurrence of different metastatic patterns in mCRC. Further factors are likely to contribute to the site-specific appearance of metastases [13] . For example, certain alterations of the tumor cells appear to be associated with metastases to the lungs and lymph nodes [15, 16] . Furthermore, a plethora of studies illustrates that specific metastatic patterns might reflect individual tumor biologies [8, [17] [18] [19] . For example, mutations in the KRAS gene were associated with metastases to the lungs and brain and less frequently to the liver [8, 18] . Moreover, an activating BRAF mutation was associated with increased peritoneal involvement, distant lymph node metastasis, and decreased incidence of liver-limited disease [8] .
Details on tumor genotype were limited in our patient cohort. However, the preponderance of peritoneal and distant lymph node metastases in colon cancer reflects the previous findings as BRAF mutations are predominantly found in the right colon [20] . In addition, a differential metastatic pattern of synchronous and metachronous metastases underlines the notion of tumor biology as a key driver of clinical presentation [21] .
The majority of patients in our cohort were initially diagnosed with metastases confined to one organ, i.e. primarily the liver. This subgroup is associated with a superior prognosis, which might be due to the option of metastectomy with curative intent [10, 22] . Of note, the current UICC classification and the American Joint Committee of Cancer (AJCC) differentiates between patients with oligometastatic disease (M1a) and those with disseminated disease (M1b) [9] . In this context, M1a refers to patients with metastases confined to one organ, whereas M1b refers to patients with more than one organ involved or peritoneal carcinomatosis. However, some authors suggest to improve the prognostic accuracy by including the information on resectability into the staging system [23] .
It is noteworthy that patients with initially one metastatic site maintained a reduced number of affected sites throughout the course of disease. This might reflect a more favorable tumor biology of initially oligometastatic disease, which contributes to the superior prognosis apart from an increased chance of resectability [22] .
We acknowledge several limitations of the present investigation. As we have performed a retrospective analysis of a patient cohort treated at a specialized unit, selection bias cannot be excluded. To this end, such an approach cannot substitute epidemiological data. However, the presented frequencies of individual metastases are well in line with previous epidemiological studies. Hence, our findings may extend the limited data on organ-specific pattern and dynamic aspects of colorectal cancer metastases. Furthermore, details on tumor genotype were limited in our patient cohort (e.g. for RAS and BRAF mutation status), preventing a correlative analysis with specific metastatic patterns. Finally, we acknowledge the limited sensitivity and specificity of radiological imaging for the detection of colorectal cancer metastases with regard to lymph node and peritoneal metastases [24, 25] . However, previous reports also based the diagnosis of colorectal cancer metastases to a major extent on radiological imaging results, as these are most widely available.
Conclusion
Taken together, our study analyzed the detailed localization of colorectal cancer metastases with regard to dynamic aspects. Our data illustrate that the tumor biology might be a key driver of clinical behavior. Furthermore, the development of new metastases over time appears to be constant during the course of disease, leading to an increase of metastatic sites over time. Our findings might stimulate further research to investigate the implications of localization and dynamics of colorectal cancer metastases on patient management. 
